The US Food and Drug Administration (FDA) approves high-risk medical devices, those that support or sustain human life or present potential unreasonable risk to patients, via the Premarket Approval (PMA) pathway. The generation of clinical evidence to understand device safety and effectiveness is shifting from predominantly premarket to continual study throughout the total product life cycle.
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To accompany these premarket assessments, the FDA has become increasingly committed to evaluating device safety and effectiveness throughout the "total product life cycle," 6 an approach that involves ongoing study and reevaluation for as long as devices remain in use. 7 As one part of this approach, the FDA can require additional clinical studies as a condition of PMA approval through its postapproval studies (PAS) program. 8 However, PAS may often be small, 9 delayed, 9, 10 or not generalizable 5, 11 ; in addition, only one-quarter of PAS required by the FDA between 2005 and 2011 were completed. 9 Beyond FDA-required postmarket studies, complementary sources of evidence may be generated through studies initiated by manufacturers or independent investigators, although manufacturers may conduct postmarket clinical studies primarily to comply with regulatory requirements. 12 As the FDA adopts more flexible premarket evidence requirements for devices in an effort to expedite patient access to new technologies, 13 ,14 the information generated from postmarket studies will become increasingly important in guiding regulatory and clinical decisions. Our objective was to characterize the clinical studies of high-risk therapeutic devices initially approved via the FDA PMA pathway between 2010 and 2011 to better understand the amount and quality of evidence generated over the total product life cycle.
Methods
We constructed a sample of high-risk therapeutic devices initially receiving US marketing approval via the FDA PMA pathway between January 1, 2010, and December 31, 2011, using the publicly accessible PMA database (eFigure 1 in the Supplement). 15 We selected this sample period to ensure that the majority of relevant trials were registered on ClinicalTrials.gov-an online public clinical trials registry maintained by the National Library of Medicine-in compliance with the 2007 FDA Amendments Act. 16 We used information on device type listed within the FDA database to exclude all nontherapeutic (ie, diagnostic) devices, 17 including detection kits, molecular assays, and imaging machines. Based on information within the publicly available FDA Summary of Safety and Effectiveness Data (hereafter referred to as the FDA Summary) linked to each original PMA application, 18 we further excluded therapeutic devices that were previously marketed in the United States for another indication.
Device Characteristics
Using information within the PMA database, we classified each device in our sample by the following characteristics: approval year, medical specialty area, 17 review type (normal/ expedited), implantable designation (yes/no), and lifesaving designation (yes/no). We also characterized their recall history by searching the FDA's online Medical Device Recalls Database using PMA application numbers and recording the highest recall class for each affected device (Class I-III).
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Identification of Clinical Studies
We primarily identified clinical studies using ClinicalTrials.gov; with the exception of small feasibility studies, the 2007 FDA Amendments Act required that all device studies ongoing as of December 2007 be registered on ClinicalTrials.gov. 16 We used an inclusive, multistep search algorithm ( Figure) that first screened for device trade names and then included a broader set of search terms with relevant manufacturer names, device descriptors, or both (eAppendix 1 in the Supplement). We used all relevant device trade names, component trade names, manufacturer names, and device descriptors in constructing ClinicalTrials.gov search terms, incorporating information contained in the PMA database, FDA Summaries, FDA webpages, 20,21 and manufacturer websites. We excluded studies with an enrollment status of "not yet recruiting," "suspended," or "withdrawn." Included studies were required to either identify the medical device by trade name or examine a technologically equivalent, unnamed device that was both attributable to the correct manufacturer by study description or sponsorship and studied in a setting consistent with the marketing history outlined in the FDA Summary. All searches were performed by one author (V.K.R.) in October 2014 and confirmed for inclusion by a different author (J.S.R.). If an identified study compared 2 or more devices in our sample, the study was counted once for each device. After our search of ClinicalTrials.gov, we then reviewed all feasibility and pivotal studies described in FDA Summaries and PAS listed within the FDA PAS database 22 ; pivotal studies are those that serve as the primary basis for the FDA's premarket evaluation of device safety and effectiveness. 23 Studies described solely within FDA documents were included, even if not registered on ClinicalTrials.gov (eAppendix 1 in the Supplement). For devices with substudies conducted in support of the PMA application, we considered each named substudy with FDA-required follow-up of the premarket cohort as a separate PAS.
Clinical Study Features
For all identified studies, we abstracted the following information from ClinicalTrials.gov, FDA documents, or both (eAppendix 2 in the Supplement): enrollment number, study status (completed, ongoing, terminated/unknown), primary completion date (ie, final data collection for primary end points), and study type (pivotal study, FDA-required PAS, or manufacturer/investigator-initiated study). Studies listed on ClinicalTrials.gov as "completed" were categorized as completed, studies listed as "recruiting," "enrolling by invitation," or "active, not enrolling" were categorized as ongoing, and studies listed as "terminated" or "unknown" were categorized as terminated/unknown. Studies with a primary completion date prior to initial FDA marketing approval were categorized as premarket; all other studies were categorized as postmarket. We then abstracted additional information on study features and end point characteristics for all pivotal, completed postmarket, and ongoing postmarket studies; nonpivotal premarket and terminated/unknown studies were excluded from further analysis because the information available was often insufficient for characterization. We collected the following additional study features (eAppendix 3 in the Supplement): funder, centers, location, registry design, blinding, study groups, comparator, randomization, and indication. For all postmarket studies, we determined whether the described indication for use differed from the original FDA-approved indication; if there was insufficient information to make a determination, we categorized the indication as not differing (eAppendix 2 in the Supplement). We also categorized each primary end point as safety or effectiveness (eAppendix 2), and further examined all effectiveness end points, recording the duration of longest follow-up (using the prespecified duration for ongoing studies) and classifying end points as clinical outcomes (clinical outcomes or objectively measured function or symptom scales) or surrogate markers of disease based on an estab- 
Statistical Analysis
We used descriptive statistics to characterize our high-risk therapeutic device sample. We calculated median enrollment numbers for nonpivotal premarket, pivotal premarket, FDArequired PAS, and manufacturer/investigator-initiated postmarket studies and used the Kruskal-Wallis test to assess for a difference between these 4 study types. We then used descriptive statistics to characterize all other features of pivotal premarket, completed postmarket, and ongoing postmarket clinical studies; FDA-required PAS and manufacturer/ investigator-initiated postmarket studies were categorized together to provide a holistic perspective of completed and ongoing postmarket evidence generation. Analyses of primary effectiveness end points were conducted at the end point level because some studies had multiple primary effectiveness end points and some studies had only safety end points. We then used χ 2 , Fisher exact, and Kruskal-Wallis tests as appropriate to examine for differences in features and primary effectiveness end points between these 3 study types. Analyses were performed using Microsoft Excel 2011 and JMP version 10.0 (SAS Institute). All statistical tests were 2-tailed, and we used a type I error rate of .05 in testing enrollment number. To account for multiple comparisons, we used type I error rates of .006 and .0125 in testing all other study features (9 comparisons) and end point characteristics (4 comparisons), respectively.
Results
Between 2010 and 2011, the FDA granted initial marketing approval for 28 high-risk therapeutic devices via the PMA pathway: 21 (75.0%) were implantable and 9 (32.1%) were lifesustaining ( Table 1 and eTable in the Supplement). About half (n = 15; 53.6%) were for cardiovascular conditions. Ten devices (35.7%) were recalled at least once, with 1 (3.6%) undergoing a Class I recall (highest-risk: reasonable probability of serious health problems or death) and 1 (3.6%) voluntarily withdrawn from market.
Number of Premarket and Postmarket Clinical Studies and Enrollment
We identified 286 clinical studies of these high-risk therapeutic medical devices (eFigure 2 in the Supplement): 82 (28.7%) premarket and 204 (71.3%) postmarket, among which there were 52 (18.2%) nonpivotal premarket studies, 30 (10.5%) pivotal premarket studies, 33 (11.5%) FDArequired PAS, and 171 (59.8%) manufacturer/investigatorinitiated postmarket studies. A total of 44 (84.6%) nonpivotal premarket studies were reported as completed, as were all 30 (100.0%) pivotal premarket studies ( Table 2 ). In cont r a s t , 6 ( 1 8. 2 % ) F DA-re q u i re d PA S a n d 2 0 ( 1 1 .7 % ) manufacturer/investigator-initiated postmarket studies were reported as completed, with 23 (69.7%) and 130 (76.0%) reported as ongoing, respectively; 2 (6.1%) FDArequired PAS were pending. The median number of nonpivotal premarket studies per device was 1 (interquartile range [IQR], 0-2), while 26 (92.9%) devices received FDA approval on the basis of a single pivotal premarket study. At least 1 PAS was required by the FDA for 19 (67.9%) devices; nearly all (n = 29; 87.9%) were ordered as a condition of approval for the original PMA application, while the remainder (n = 4; 12.1%) were ordered after market introduction as a condition of approval for a supplemental PMA application. The median number of manufacturer/ investigator-initiated postmarket studies was 3 (IQR, 1-6). We were unable to identify any postmarket studies (including Abbreviation: FDA, Food and Drug Administration. a Determined based on the product code given for each device.
b The FDA classifies recalls into 3 categories based on the relative degree of health hazard presented by the device being recalled: Class I, reasonable probability of serious adverse health consequences or death; Class II, reasonable probability of temporary or medically reversible adverse health consequences, or remote probability of serious adverse health consequences or death; and Class III, low probability of adverse health consequences. Although only 3 of 28 (10.7%) devices in our sample were coronary stents, 75 of 179 (41.8%) completed and ongoing postmarket studies (including FDA-required PAS) examined these devices. Among these coronary stent studies, median enrollment was 572 patients (IQR, 237-2000), whereas median enrollment was 135 patients (IQR, 50-326) for the 104 studies of all other devices. Focusing on the 10 devices in our sample that were recalled at least once, 67 of 104 (64.4%) "noncoronary stent" completed and ongoing postmarket studies examined these devices; median study enrollment was 130 patients (IQR, 50-318) for recalled devices and 165 patients (IQR, 40-346) for nonrecalled devices.
Pivotal Premarket and Completed/Ongoing Postmarket Clinical Study Features and End Points
Study features were characterized for 209 studies: 30 (14.4%) pivotal premarket studies, 26 (12.4%) completed postmarket studies, and 153 (73.2%) ongoing postmarket studies (Figure) . Whereas all pivotal studies were solely funded by industry Table 3 ). Pivotal and postmarket study design features were otherwise broadly similar, as approximately 10% were designated registries, roughly threequarters were unblinded, and nearly half were single-group and thus had no comparator. Among multigroup studies, more than three-quarters used active comparators and were randomized. In addition, nearly half of all postmarket studies (83/179 [46.4%]) explicitly described examining devices for different indications than those originally approved by the FDA (completed: 9/26 [34.6%], ongoing: 74/153 [48.4%]).
We identified 226 primary effectiveness end points among these 209 studies: 44 (19.5%) end points among 30 pivotal studies, 27 (11.9%) end points among 26 completed postmarket studies, and 155 (68.6%) end points among 153 ongoing postmarket studies (Figure) . Nearly 80% (35/44) of pivotal study end points were clinical outcomes, in contrast to 57.1% of postmarket study end points (completed: 14/27 [51.9%], ongoing: 90/155 [58.1%]; P = .02) ( Table 4 and 
Discussion
Our characterization of the clinical studies examining highrisk therapeutic medical devices initially approved via the FDA PMA pathway between 2010 and 2011 demonstrates that the amount and quality of evidence generated over the total product life cycle varies widely. Some devices are currently being evaluated through ongoing studies that, if completed, will provide evidence on clinical outcomes for large numbers of patients with planned follow-up of a year or longer. However, most devices have been or will be evaluated through only a few studies, which often focus on surrogate markers of disease in small numbers of patients followed up over short periods of time and study indications that differ from the original FDA-approved indication.
Premarket clinical studies of high-risk therapeutic devices were limited in number and quality. Nearly all devices were cleared on the basis of 2 studies: 1 nonpivotal and 1 pivotal study. Nonpivotal studies are typically conducted to assess device feasibility, enrolling a limited number of patients to examine device performance and guide premarket development (eg, design modifications) and clinical use (eg, anatomical restrictions). 26 Nonpivotal studies may also include internationally based studies initiated prior to FDA approval; in our study, all incomplete nonpivotal premarket studies were internationally based. In addition, to support market approval, the FDA requires at least 1 pivotal study with substantial evidence of device safety and effectiveness. 23 We found that pivotal studies generally enrolled fewer than 300 patients and were often designed without blinding, comparators, or primary end point follow-up exceeding 1 year. Our findings are consistent with previous studies of premarket evidentiary standards focused on devices used for cardiovascular diseases, rare conditions, and patients who are children or have unmet medical needs 4, 5, 27, 28 and confirm that premarket studies provide limited data to address important clinical questions that often arise after approval, including those related to long-term device performance, new indications or iterations, and safety and effectiveness in real-world populations.
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Prior studies have not examined total product life cycle evidence generation for high-risk therapeutic devices, instead focusing solely on the FDA PAS program or orthopedic prostheses, which often receive market clearance via the 510(k) regulatory pathway intended for moderate-risk devices. 9, 32 We found that postmarket studies, like premarket studies, were often small, unblinded, and without comparators. In addition, postmarket studies-including those examining implantable devices-were also generally limited to 1 year of primary end point follow-up, and nearly half focused on surrogate markers of disease. However, approximately 13% of identified postmarket studies were completed between 3 and 5 years after FDA approval. Postmarket evidence may be generated from ongoing observational studies and registries before completing primary effectiveness end point follow-up, as well as afterwards from longer-term follow-up of safety end points. However, the potential for this postmarket evidence to inform practice remains unclear, even under the presumption that all ongoing studies will be completed, given that clinicians often rapidly adopt new devices after market introduction 33,34 and shortcomings of the medical device literature related to selective publication and selective outcome reporting. 35 Furthermore, it's not clear how this evidence will inform regulatory decisions, if at all, such as whether to recall a product. Interestingly, completed and ongoing postmarket studies examining recalled and nonrecalled devices were similar in size.
The FDA has adopted a total product life cycle approach to device evaluation with the understanding that "[a]t the time of device approval, certain safety and effectiveness questions may not be fully resolved […] because controlled clinical studies do not fully represent the benefit-risk profile of a device when used in real-world clinical practice." 13 Although the FDA may not require a PAS for every newly approved device, the agency often requires a postmarket study to complement premarket understanding of device safety and effectiveness. However, by law, the FDA may only require the "least burdensome" postmarket data necessary to address unresolved clinical questions about devices, 14 limiting its capacity to mandate additional studies for the purpose of generating evidence to inform regulatory and clinical decision making. Furthermore, the FDA has not imposed penalties against manufacturers failing to comply with postmarket study requirements mandated through its PAS program. 9 Our findings of limited premarket evidence generation and few FDA-required postmarket studies highlight the need for continued study, either through manufacturer-initiated or investigator-initiated studies, to advance postmarket understanding of device safety and effectiveness. Approximately 85% of the postmarket studies we identified were not initiated in response to FDA requirements, and 40% were conducted without manufacturer support. To ensure generation of additional robust, objective evidence to inform the use of high-risk devices in clinical practice, government agencies may consider taking on a more principal role in supporting postmarket research, as they have done for several commonly used pharmaceutical products. The "right" number and "appropriate" design of premarket and postmarket studies for high-risk therapeutic devices should vary based on expected benefit and risk, therapeutic alternatives, and anticipated challenges of real-world use, including physician learning curves and facility expertise. For any given device, conducting numerous large studies with long periods of follow-up may not be a feasible or efficient use of resources. However, pending legislative efforts will only further reduce premarket evidence requirements for medical devices in order to expedite patient access to new technologies. 36 Although the FDA has begun developing postmarket safety surveillance methods, used primarily for pharmaceuticals and biologics, which leverage routinely collected electronic health information through a distributed data model under its Mini-Sentinel initiative, 37 the validity of these methods remains uncertain, and this approach cannot be used for surveillance of medical devices until there is widespread adoption of unique device identifiers. 38 Moreover, safety surveillance efforts have uncertain applications for generation of comparative effectiveness evidence or insights into long-term effectiveness of medical devices. Postmarket assessments of both medical device safety and effectiveness in real-world practice, through clinical trials or registries, or analysis of health systems data, may provide complementary evidence to guide regulatory and clinical decision making. Our study has several limitations that deserve consideration. First, we may not have identified all clinical studies of devices in our sample despite the inclusive nature of our search algorithm, and our findings may thus underrepresent the clinical evidence generated. This is more likely true of nonpivotal premarket clinical studies, as these could have taken place prior to the ClinicalTrials.gov registration requirements that took effect in late 2007. Nevertheless, all pivotal studies were identified, and these studies represent the most robust evidence available during premarket evaluation. Conversely, by including all studies registered on ClinicalTrials.gov, our study may overrepresent the clinical evidence generated, particularly in the postmarket period; approximately onethird of clinical trials remain unpublished even years after study completion, 39 and only one-fifth of completed trials registered on ClinicalTrials.gov report their results, 40 such that the results of many studies we identified may never be disseminated to inform clinical practice. Second, we cannot account for postmarket studies not registered on ClinicalTrials.gov, such as medical record reviews or case studies, though the strength of evidence derived from these studies is often limited. In addition, internationally based studies may also be less likely to be registered on ClinicalTrials.gov, although more than half of the postmarket studies we identified were conducted entirely outside of the United States. Similarly, observational studies and patient registries of medical devices are required to be registered on ClinicalTrials.gov under the FDA Amendments Act and composed nearly half of the postmarket studies we identified. However, non-product-specific registries (ie, disease registries) were unlikely to have been identified and may contribute to device evaluation over the total product life cycle.
Third, our analysis was cross-sectional and our search was completed in October 2014, allowing between 3 and 5 years for studies to be initiated and completed after FDA approval. It is likely that there will be additional clinical studies examining these devices, and some of the studies we identified as ongoing will be completed or already have been completed. However, we expect that most major postmarket clinical studies of devices are likely to be initiated within 5 years of approval given their relatively short market life, and our findings therefore likely reflect the best evidence available and anticipated to inform clinical practice. Furthermore, our study was focused on evidence generated for high-risk therapeutic devices receiving PMA approval. Our findings do not apply to devices receiving market clearance via the 510(k) or Humanitarian Device Exemption regulatory pathways, which are used less frequently for high-risk devices, nor to diagnostic devices receiving PMA approval.
Conclusions
Among high-risk therapeutic devices approved via the FDA PMA pathway between 2010 and 2011, total product life cycle evidence generation varied in both the number and quality of premarket and postmarket studies, with approximately 13% of initiated postmarket studies completed between 3 and 5 years after FDA approval.
